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(57) ABSTRACT 

A 3D result image of an object is reconstructed from a set of 
X-ray two-dimensional projections of the object. A 3D refer 
ence image of the object is reconstructed by employing a 
compressed sensing technique based on at least some of the 
2D projections at a reference motion state of the object. By 
employing an algebraic and/or analytic reconstruction tech 
nique, 3D intermediate images are reconstructed for various 
motion states of the object. The 3D intermediate images are 
registered with the 3D reference image to obtain spatial trans 
formations for the various motion states of the object. Based 
on the spatial transformations, the 3D intermediate images 
are transformed to a joint phase and combined to obtain the 
3D result image. 

18 Claims, 6 Drawing Sheets 
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THREE-DIMIENSIONAL X-RAY MAGING 

FIELD OF INVENTION 

Techniques of reconstructing a three-dimensional image of 
an object from a set of X-ray two-dimensional projections of 
the object are discussed. In particular, Such techniques are 
discussed which employ a compressed sensing technique and 
an algebraic and/or analytic reconstruction technique. 

BACKGROUND OF INVENTION 

Techniques are known which acquire X-ray two-dimen 
sional projections of an object by employing an X-ray device. 
Such 2D projections of the object find application in various 
medical fields, including, but not limited to visual guidance 
during interventions. 

Often, a three-dimensional reconstruction is desirable to 
further obtain depth information of the object. In such a case, 
a given pixel of a 3D image may be associated with a 3D 
position in space. Techniques are known which enable to 
reconstruct the 3D image from a plurality of 2D projections, 
e.g. the so-called Feldkamp-Davis-Kress(FDK)-algorithm, 
see “Practical Cone-Beam Algorithm' by L. A. Feldkamp, L. 
C. Davis, and J. W. Kress in J. Opt. Soc. Am. A 1 (1984) 612. 
The FDKalgorithm and various derivations thereofare some 
times referred to as analytic reconstruction techniques. Fur 
thermore, different kinds of algebraic reconstruction tech 
niques are known for the 3D reconstruction, see 
“Simultaneous algebraic reconstruction technique (SART): a 
superior implementation of the art algorithm' by A. H. Ander 
sen and A. C. Kakin Ultrason Imaging (1984) 6 (1984) 81-94. 
Typically, a considerable number of 2D projections needs to 
be acquired for Successfully reconstructing the 3D image. 
This may lengthen measurement time and/or increase an 
X-ray dose exposure. Furthermore, so-called compressed 
sensing techniques have evolved, see, e.g., “Improved Total 
Variation-Based CT Image Reconstruction Applied to Clini 
cal Data” by L. Ritschl et al. in Phys. Med. Biol. 56 (2011) 
1545 and “Prior Image Constrained Compressed Sensing 
(PICCS): A Method to Accurately Reconstruct Dynamic CT 
Images from Highly Undersampled Projection Data Sets” by 
G-H. Chen, J. Tang, and S. Leng in Med. Phys. 35 (2008) 660. 
Such compressed sensing techniques typically rely on a lim 
ited underlying data set of 2D projections on which the recon 
struction is based, sometimes referred to as sparsified image 
data. Here it is possible that comparably fewer image pixels of 
the 2D projections have significant image values and/or that 
comparably fewer 2D projections are used for the reconstruc 
tion. In Such a scenario, employing conventional algebraic 
and/or analytic reconstruction techniques may not be possible 
or only possible to a limited degree; such that, in effect, the 
compressed sensing techniques enable to shorten the mea 
Surement time and reduce the X-ray dose exposure if com 
pared to the conventional algebraic and/or analytic recon 
struction techniques. 

Yet, such compressed sensing techniques face certain 
restrictions. E.g., employing compressed sensing techniques 
may result in the reconstructed 3D image to have an artificial 
look and being Smoothed if compared to conventional ana 
lytic reconstruction techniques, such as the FDK algorithm. 
Sometimes, the 3D images obtained by a compressed sensing 
technique are referred to as being piecewise constant in 
homogeneous regions and as omitting Small structures. For 
example, fine structures and features of the object may be lost 
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2 
in the 3D image. This may limit the medical applicability of 
compressed sensing techniques. 

SUMMARY OF INVENTION 

Therefore, a need exists to provide advanced techniques for 
reconstructing 3D images from a set of 2D projections of the 
object. In particular, a need exists for techniques which 
require only a limited set of 2D projections and thereby have 
a limited X-ray dose exposure and a limited measurement 
time. Furthermore, a need exists for Such techniques which 
properly reconstruct Small structures and avoid any artificial 
look of the reconstructed 3D images. 

This need is met by the features of the independent claims. 
The dependent claims define embodiments. 

According to an aspect, a method of reconstructing a 3D 
image of an object from a set of X-ray 2D projections of the 
object is provided. The object exhibits a periodic motion. The 
method comprises, by employing a gated X-ray imaging tech 
nique: acquiring the set of 2D projections, each projection of 
the set of 2D projections being acquired at a respective phase 
within one of a plurality of gating windows. The gating win 
dows are associated with the periodic motion. Further, each 
projection of the set of 2D projections is acquired at a respec 
tive perspective with respect to the object. The method further 
comprises, for a given gating window being associated with a 
reference phase of the periodic motion: by employing a com 
pressed sensing technique, reconstructing a 3D reference 
image of the object based on at least some of the 2D projec 
tions within the given gating window. The method further 
comprises, for each gating window: by employing an alge 
braic and/or analytic reconstruction technique, reconstruct 
ing a 3D intermediate image of the object based on at least 
Some of the 2D projections within the respective gating win 
dow. The method further comprises registering the 3D inter 
mediate images with the 3D reference image to obtain a 
spatial transformation for each gating window between the 
respective phase and the reference phase. The method further 
comprises transforming the 3D intermediate images to a joint 
phase of the periodic motion based on the spatial transforma 
tion obtained for each gating window. The method further 
comprises combining the transformed 3D intermediate 
images to obtain a 3D result image of the object. 

According to a further aspect, an X-ray device is provided 
which is configured to reconstruct a 3D image of an object 
from a set of X-ray 2D projections of the object. The object 
exhibits a periodic motion. The X-ray device comprises an 
image acquisition unit. The image acquisition unit is config 
ured to acquire the set of 2D projections by employing agated 
X-ray imaging technique. Each projection of the set of 2D 
projections is acquired at a respective phase within one of a 
plurality of gating windows which are associated with the 
periodic motion. Further, each projection of the set of 2D 
projections is acquired at a respective perspective with 
respect to the object. The X-ray device further comprises at 
least one processor which is configured to reconstruct, for a 
given gating window being associated with a reference phase 
of the 3D periodic motion, a 3D reference image of the object 
based on at least some of the 2D projections within the given 
gating window and by employing a compressed sensing tech 
nique. The at least one processor of the X-ray device is further 
configured to reconstruct, for eachgating window, a 3D inter 
mediate image of the object based on at least some of the 2D 
projections within the respective gating window by employ 
ing an algebraic and/or analytic reconstruction technique. 
The at least one processor is further configured to register the 
3D intermediate images with the 3D reference image to 



US 9,240,071 B2 
3 

obtain a spatial transformation for each gating window 
between the respective phase of the respective 3D intermedi 
ate image and the reference phase. The at least one processor 
is further configured to transform the 3D intermediate images 
to a joint phase of the periodic motion based on the spatial 
transformation obtained for each gating window. The at least 
one processor is further configured to combine the trans 
formed 3D intermediate images to obtain a 3D result image of 
the object. 

According to a further aspect, a method of reconstructing a 
3D image of an object from a set of X-ray 2D projections of 
the object is provided. The object exhibits a periodic motion. 
The method comprises acquiring the set of 2D projections at 
various motion states of the periodic motion and at various 
perspectives. The method comprises, for a reference motion 
state: reconstructing a 3D reference image by employing a 
compressed sensing technique. The method comprises, for 
various motion states: reconstructing 3D intermediate images 
by employing an algebraic and/or analytic reconstruction 
technique. The method comprises registering the 3D interme 
diate images to the 3D reference image to obtain transforma 
tions and transforming the 3D intermediate images to the 
reference motion state by means of the transformations. The 
method comprises determining a 3D result image from a 
combination of the transformed 3D intermediate images. 

Various aspects and embodiments of the invention as 
described above and hereinafter can not only be used in the 
combinations explicitly described, but also in other combina 
tions. Various modifications will occur to the skilled person 
upon reading and understanding of the description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various embodiments will be explained in further detail 
with respect to the accompanying drawings. In these draw 
1ngS. 

FIG. 1 is a schematic illustration of a C-arm X-ray device. 
FIG. 2 illustrates a periodic motion of an object and gating 

windows. 
FIG.3 illustrates the reconstruction of a 3D image from 2D 

projections. 
FIG. 4 illustrates image artifacts in the 3D object. 
FIG. 5 illustrates further image artifacts in the 3D object. 
FIG. 6 illustrates the combining of 3D images to obtain a 

3D result image. 
FIG. 7 is a flowchart of a method of reconstructing a 3D 

image of an object according to various embodiments. 
FIG. 8 is a flowchart which illustrates further details of the 

method of FIG. 7. 

DETAILED DESCRIPTION OF INVENTION 

In the following, various embodiments of the invention 
will be described in detail with reference to the accompanying 
drawings. It is to be understood that the following description 
of embodiments is not to be taken in a limiting sense. The 
scope of the invention is not intended to be limited by embodi 
ments described hereinafter or by the drawings, which are to 
be taken illustratively only. 

The drawings are to be regarded as being schematic repre 
sentations and elements illustrated in the drawings are not 
necessarily shown to scale. Rather, the various elements are 
represented Such that their function and general purpose 
become apparent to a person skilled in the art. Any connection 
or coupling between functional blocks, devices, components, 
or other physical or functional units shown in the drawings or 
described herein may also be implemented by an indirect 
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4 
connection or coupling. A coupling between components 
may also be established over a wireless connection. Func 
tional blocks may be implemented in hardware, firmware, 
software, or a combination thereof. 

Hereinafter, techniques are presented where a 3D result 
image of an object is obtained, i.e. reconstructed from a set of 
X-ray 2D projections of the object. For example, the set of 
X-ray 2D projections can be acquired by employing an X-ray 
device such as a C-arm device. While hereinafter reference 
will be made predominantly to a C-arm device, respective 
techniques may be readily employed using different X-ray 
devices, e.g., a computer tomography (CT) scanner. 
The various techniques described hereinafter take into 

account a periodic motion of the object. Hereinafter, refer 
ence will be made predominantly to the periodic motion 
relating to the heartbeat of a patient; however, it should be 
understood that periodic motion can relate to various periodic 
or cyclic motions of, e.g., the human body, such as breathing 
or the Swallowing reflex. Each point in time may be associ 
ated with a phase of the periodic motion, i.e., varying between 
0° and 360°, respectively 0 and 27t. It is also possible to define 
a relative heart phase, e.g., varying between 0 and 1 or 0% and 
100%. 

Typically, the periodic motion is present during the acquir 
ing of the set of 2D projections. Therefore, each 2D projection 
may correspond to a different motion state of the 2D periodic 
motion, e.g., systole and diastole. In particular, it is often 
possible to assign a certain phase of the periodic motion to 
each projection of the set of 2D projections. 

In this regard, various embodiments rely on gating tech 
niques. Gating techniques of various kinds are known to the 
person skilled in the art. Gating techniques include prospec 
tive and retrospective gating. Hereinafter, reference will be 
predominantly made to retrospective gating techniques; how 
ever, it should be understood that the various techniques may 
be readily employed with respect to other gating techniques, 
including prospective gating. 

Further, various embodiments rely on employing an alge 
braic and/or analytic reconstruction technique to reconstruct 
3D intermediate images for different motion states of the 
periodic motion. These 3D intermediate images are registered 
to a 3D reference image which is obtained for a reference 
phase of the periodic motion by employing a compressed 
sensing technique. The correspondingly obtained spatial 
transformation for each motion state enables to accumulate 
the 3D intermediate images to obtain a 3D result image of the 
object. 

Turning to FIG. 1, a C-arm device 100 is illustrated. The 
C-arm device 100 can be employed to acquire the set of 2D 
projections. The C-arm device 100 comprises an X-ray 
source 101 and an X-ray detector 102. The X-ray source 101 
can emit X-rays which travel along a path of X-rays 105 
(illustrated in FIG. 1 by the dotted line) towards the X-ray 
detector 102. The path 105 traverses an object 104 which is 
arranged on a table 103, e.g., a patient. When traversing the 
object 104, the X-rays can exhibit an absorption and/or a 
phase change. Such parameters and/or further parameters 
may be used in order to obtain a 2D projection of the object 
104, i.e., 2D image data which pictures the object 104 at a 
given perspective. For example, each pixel value of the 2D 
projection may be proportional to the absorption of the 
X-rays having traveled along the respective path 105. The 
perspective of the 2D projections may be adjusted by rela 
tively rotating and/or relatively shifting one of the X-ray 
source 101 as well as the X-ray detector 102, and the object 
104 with respect to each other. A typical range 110 of such a 
rotation is illustrated in FIG. 1 and may, e.g., amount to 270°. 
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Often, the X-ray source 101 and X-ray detector 102 are con 
tinuously swept within the range 110, i.e., with a time-con 
stant angular Velocity, while acquiring the set of 2D projec 
tions. By Such means, each projection of the set of 2D 
projections is acquired at a respective perspective with 
respect to the object. Employing Such a continuous Sweep in 
order to acquire the 2D projections of the object at various 
perspectives is only one of many possible techniques. For 
example, it is also possible to acquire the 2D projections by 
iteratively moving the X-ray source 101 and/or the X-ray 
detector 102 and acquiring one or more of the 2D projections 
at a time. Such a technique may also be referred to as step 
and-acquire technique. 

In this regard, the C-arm device comprises a movement 
control 122 which controls the movement of the X-ray source 
101 and/or of the X-ray detector 102. In particular, the move 
ment control 122 is in communication with at least one pro 
cessor 120, e.g. a multi-core processor or a single-core pro 
cessor, which controls the image acquisition. Further, the 
processor 120 fulfils various tasks including, but not limited 
to: image acquisition control, exposure planning, image 
reconstruction, image rendering. It may even be possible that 
the movement control 122 is formed as a functional entity 
with the processor 120 where the respective tasks are 
executed by the processor 120. 
The processor 120 is further in communication with a 

display 121 which is configured to display the acquired 2D 
projection and/or the reconstructed 3D images. A user inter 
face 123 is configured to receive input from a user and/or 
provide output to the user in order to control various process 
parameters of the image acquisition and the image recon 
struction. For example, the user interface may comprise ele 
ments which are selected from the group comprising: a key 
board, a mouse, a touch-pad, a display, a voice recognition 
entity, a gesture recognition entity, and so forth. 

Typically, not the entire object 140 is imaged by employing 
the X-ray imaging technique. This may be of technical rea 
sons, e.g., the X-ray device 100 having a limited field of view 
and/or of X-ray dosimetric reasons, i.e., the desire to limit the 
exposed parts to the necessary imaging region to reduce the 
X-ray dose deposited in the object 140. Rather, the imaging 
typically is restricted to a certain portion of the object 104. In 
various applications, the certain portion can relate to the heart 
of a patient. The art of the imaging of the heart is known as 
angiography. 

In Such a scenario, but also in various other applications, it 
is possible that the imaged portion of the objection 104 exhib 
its a periodic motion. An example of such a periodic motion 
200 is illustrated in FIG. 2. FIG. 2 illustrates an application of 
angiography and exemplarily shows the position, e.g., of the 
ventricular heart wall, over time. Yet, the various general 
properties of the periodic motion 200 may be correspond 
ingly present for, e.g., breathing, etc. 

In FIG. 2, full circles denote times where a 2D projection 
220 is acquired. As can be seen, typically the time duration 
needed for acquiring one of the 2D projections 220 is short if 
compared to the period of the periodic motion 200. E.g., up to 
25 or 35 projections per second may be acquired. However, 
scenarios may occur where the time duration needed for 
acquiring one of the 2D projections 220 amounts to a signifi 
cant fraction of the period of the periodic motion 200. Each 
2D projection 220 is associated with a certain phase of the 
periodic motion 200. The phase of the 3D projection 220 may 
be defined in various manners; e.g., the phase of a given 2D 
projection may be defined as the phase of the periodic motion 
200 at the beginning or the end or half of the acquiring of the 
given 2D projection 220. 
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6 
For example, the periodic motion 200 can be measured by 

means of an electrocardiogram (ECG) measurement, naviga 
tor measurements, e.g., employing X-ray imaging and/or 
other imaging techniques, and/or breathing pads which are 
applied to the skin of the patient. In general, the temporal 
resolution of the measurement of the periodic motion 200 can 
vary; e.g., employing ECG measurements it may be possible 
only to detect so-called R-peaks, i.e., one measurement point 
per cycle of the periodic motion 200. Of course, higher tem 
poral resolutions are also possible. Various further techniques 
of measuring the periodic motion 200 are known to the skilled 
person such that there is no need to discuss further details in 
this context. 
The phase of the periodic motion 200 can be determined, 

e.g., with respect to a certain well-defined feature of the 
periodic motion 200. Such a feature could be, e.g., the R-peak 
of an ECG measurement, in case the periodic motion 200 
corresponds to the heart beat. E.g., the R-peak of an ECG 
measurement can correspond to a phase of 0%(O) of the 
periodic motion 200; a linear increase of the phase towards 
the next R-peak can be assumed, the linear increase being 
such that the phase reaches 100%(360°) at the next R-peak. 
Of course, various other possibilities of determining the 
phase of the periodic motion 200 are feasible. It would also be 
possible to determine the phase of the periodic motion 200 
based on an amplitude or the like. 

In order to take into account the periodic motion 200 when 
acquiring the set of 2D projections 220, it is possible to 
employ a gating technique. In the embodiment illustrated in 
FIG. 2, a retrospective gating technique relying on gating 
windows 210-1, 210-2, 210-3, 210-4 is employed. The first 
gating window 210-1 covers phases of the periodic motion 
200 amounting approximately to 0°-90° (0%-25%). Respec 
tively, the second, third, and fourth gating windows 210-2. 
210-3, 210-4 respectively relate to phases of the periodic 
motion 200 amounting to approximately 90°-180° 
(25%-50%), 180°-270° (50%-75%), and 270°-360° (75%- 
100%). Another example would be to employ only a single 
gating window which covers 45%-55%. In this regard, each 
gating window 210-1-210-4 corresponds to a certain motion 
state of the periodic motion 200. The number of gating win 
dows and/or the extents of each gating window 210-1-210-4 
may be retrospectively defined. The gating windows 210-1- 
210-4 can be thought of as bins into which a certain 2D 
projection 220 is sorted in dependence of the corresponding 
phase at which the 2D projection 220 has been acquired. The 
bins can be larger or smaller; the number of bins may vary. It 
is also possible to prospectively define the number of gating 
windows and/or the extents of each gating window 210-1- 
210-4. In this regard, a given gating window 210-1-210-4 can 
comprise a larger or smaller number of 2D projections 220. 
Sometimes, a gating window 210-1-210-4 can comprise only 
a single 2D projections 220, or a larger number of 2D projec 
tions 220. 

For example, it is possible to retrospectively define the 
gating windows 210-1-210-4 once said acquiring of the set of 
2D projections 220 is completed. In this regard, it is possible 
to correlate the time of acquiring of each 2D projection 220 of 
the set of 2D projections 220 with a current position or phase 
of the periodic motion 200. 
As can be seen from FIG. 2, a particular gating window 

210-1-210-4 corresponds to a particular motion state, e.g. a 
predefined range of phases of the periodic motion 200. For 
example, the gating windows, e.g., a number thereof and/or a 
covered range, can be retrospectively defined such that per 
cycle of the periodic motion a single 2D projection is within 
a given gating window. This is the case for the first two cycles 
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of the periodic motion 200 as depicted in FIG. 2. Only in the 
last depicted third gating window 210-3 two 2D projections 
220 are situated. In general, it is possible that the definition 
criterion of the gating windows 210-1-210-4 does not change 
over the imaging period. 

For example, the repetition rate of the acquiring of the 2D 
projections may be fixed or may be variable. In particular, the 
repetition rate may depend on a Sweep rate of the motion of 
the X-ray source 101 and the X-ray detector 102 and/or a 
exposure time, i.e., a duration which is required for acquiring 
each one of the 2D projections. The exposure time may, e.g., 
depend on elements selected from the group comprising: 
dose, revolution, field of view, sensitivity of the detector 102. 
As can be further seen from FIG. 2, a position of each 2D 

projection 220 within the gating windows 210-1-210-4 var 
ies: Some of the 2D projections 220 are acquired at a point in 
time closer to the beginning of a gating window 210-1-210-4 
while other 2D projections 220 are acquired at a point in time 
closer to the end of a gating window 210-1-210-4. For 
example, it is possible to consider this—temporal position 
of each 2D projection 220, e.g., with respect to the gating 
windows 210-1-210-4 when reconstructing 3D images from 
the 2D projections 220. 

In FIG. 3, an image reconstruction technique 250 is illus 
trated. The image reconstruction technique 250 as depicted in 
FIG.3 reconstructs a 3D image 230 from three 2D projections 
220-1, 220-2, 220-3. The reconstructing 250 is illustrated by 
the three arrows. 

In order to be able to fully reconstruct the 3D image 230, 
i.e., without ambiguities, typically a certain amount of 2D 
projections 220-1-220-4 from various perspectives is 
required. In the scenario of FIG. 1, there are only three 2D 
projections 220-1-220-3 employed in order to reconstruct the 
3D image 230. Typically, a larger number, e.g. twenty or forty 
or even hundred 2D projections 220-1-220-4, may be 
employed for the reconstruction 250. Depending on the num 
ber, an image quality of the reconstructed 3D image 230 may 
vary. 

Various image reconstruction techniques 250 are known to 
the skilled person. Examples include, but are not limited to: 
algebraic and/or analytic techniques, such as the FDK algo 
rithm, and compressed sensing techniques, such as the iTV 
algorithm and the PICCS algorithm. Typically, image recon 
struction techniques 250 of the class of the compressed sens 
ing techniques require only a smaller number of 2D projec 
tions 220-1,220-2,220-3 in order to reconstruct the 3D image 
230. Sometimes, a situation of too few 2D projections being 
available for reconstructing the 3D image 230 is referred to as 
an undersampled underlying data set. When relying on an 
undersampled underlying data set, image artifacts may result. 

However, it is known that also the compressed sensing 
techniques sometimes inherently result in image artifacts as 
illustrated in FIG.4; of course, such the image artifacts inher 
ent to the compressed sensing technique can be of different 
kind and nature as the image artifacts encountered when 
employing an undersampled underlying data set as men 
tioned above. In FIG. 4, a 3D image 230 which is obtained 
from an image reconstruction technique 250 such as the 
PICCS algorithm is illustrated. Fine structures and small 
features are not visible in the 3D image 230 of FIG. 4. Rather, 
the 3D image 230 is piecewise constant as illustrated by the 
artifacts 235 depicted by full lines in FIG. 4. 

In FIG. 5, a 3D image 230 is illustrated which is obtained 
by employing an image reconstruction technique 250 accord 
ing to the FDKalgorithm which operates on an undersampled 
set of 2D projections 230-1-230-4. For example, the number 
of 2D projections 230-1-230-4 can be smaller than required, 
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8 
a situation sometimes referred to as sparse sampling condi 
tion. From this, the line artifacts 235 as illustrated in FIG. 5 
may result. 
A further class of image artifacts, which is not shown in 

FIGS. 4 and 5, is motion artifacts. In order to avoid motion 
artifacts, typically 2D projections 220-1, 220-2, 220-3 are 
employed for the image reconstruction technique 250 which 
originate from the same gating window 210-1, 210-2, 210-3, 
210-4. By this it can be ensured that the 2D projections 210-1, 
210-2, 210-3 which are used for the reconstruction of the 3D 
image 230 all originate from the same motion state or at least 
from a comparable motion state, i.e., have the same or related 
phases of the periodic motion 200. 
As can be seen from a comparison of FIGS. 4 and 5, both 

the compressed sensing image reconstruction techniques and 
the algebraic and/or analytic image reconstruction techniques 
may exhibit image artifacts 235 which in turn can limit the 
medical usability of the 3D images 230-1-230-2. In the fol 
lowing, various embodiments will be discussed which enable 
to obtain a 3D result image of the object 104 which does not 
show Such artifacts 235 in a significant manner or only shows 
such artifacts 235 to a comparably limited degree. 

In various embodiments, a compressed sensing technique 
is employed for image reconstruction based on at least some 
of the 2D projections 220-1-220-4 within a given gating win 
dow 210-1-210-4 in order to reconstruct a 3D reference image 
230-1 (cf. FIG. 6). In other words, the compressed sensing 
technique may operate on an underlying data set of 2D pro 
jections 220-1-220-4 which all have comparable phases, i.e., 
phases which are within a certain range, e.g., as defined by a 
gating window 210-1-210-4. This 3D reference image 230-1 
is therefore associated with a reference phase of the periodic 
motion 200. It typically features artifacts 235 as discussed 
with respect to FIG. 4 above, e.g., may be piecewise constant. 

Furthermore, for each gating window 210-1-210-4, a 3D 
intermediate image 230a-230d is respectively reconstructed 
by employing an algebraic and/or analytic reconstruction 
technique, e.g., the FDK algorithm or a derivate thereof. 
Typically, the 3D intermediate images 230a-230d may fea 
ture a significant amount of the artifacts 235 as discussed 
above with respect to FIG. 5. 

For example, when comparing FIG. 6 with FIG. 2, it is 
possible that the 3D reference image 230-1 is reconstructed 
based on the 2D projection 220 situated within the gating 
window 210-1 which is depicted at the beginning of the 
illustrated periodic motion 200 in FIG. 2. Likewise, it is 
possible that each one of the 3D intermediate images 230a 
230d is respectively reconstructed from the 2D projections 
220 which are situated within a given one of the gating win 
dows 210-1-210-4. 

Further, the 3D intermediate images 230a-230d are regis 
tered 255 to the 3D reference image 230-1. By this, a spatial 
transformation is obtained for each gating window 210-1- 
210-4, respectively motion state, between the respective 
phase corresponding to a particular 3D intermediate image 
230a-230d and the reference phase corresponding to the 3D 
reference image 230-1. Then, the 3D intermediate images 
230a-230d are transformed to a joint phase, e.g. the reference 
phase, of the periodic motion 200 based on these spatial 
transformations. The spatial transformations can correspond 
to functions transforming a certain position, respectively 
pixel, at the phase of the corresponding the 3D intermediate 
image 230a-230d to a certain position, respectively pixel, at 
the joint phase. 
The transformed 3D intermediate images are furthermore 

combined or accumulated 260 to yield the 3D result image 
230 of the object (depicted on the left hand side of FIG. 6). It 
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is possible that the 3D result image 230 shows no or only few 
and/or insignificant artifacts 235. For example, the 3D result 
image 230 may be significantly free of line artifacts and may 
further not be piecewise constant. The motion artifacts can be 
avoided by considering the spatial transformations between 
the various motion states of the periodic motion 200 as 
obtained from the registering 255. 

For example, the registering 255 of the 3D intermediate 
images 230a-230d with the 3D reference image 230-1 can 
occur in a combined manner where all of the 3D intermediate 
images 230a-230d are jointly compared with the 3D refer 
ence image 230-1. Further, the registering 255 can comprise 
iteratively optimizing the spatial transformations. For 
example, the iteratively optimizing can comprise transform 
ing the 3D intermediate images 230a-230d to the reference 
phase of the periodic motion 200 based on a current spatial 
transformation and combining the transformed 3D interme 
diate images. 

For example, the iteratively optimizing may include a 
given number of iterations. In a first fraction of the given 
number of iterations, said registering may operate on a down 
sampled version of the 3D reference image 230-1 and/or the 
3D intermediate images 230a-230d, i.e. a thinned out version 
operating on a fewer number of pixels. By Such means, com 
putational efforts may be reduced, while the overall result of 
the registering may not be negatively affected or only affected 
to a limited degree. 

The iteratively optimizing can minimize a dissimilarity 
measure between the reference 3D image 230-1 and the com 
bined transformed 3D intermediate images by adjusting the 
current spatial transformation between subsequent iterations. 
In other words, the transformations obtained from the regis 
tering 255 can be such that the combined transformed 3D 
intermediate images 230a-230d are closely resembling the 
reference 3D image 230-1. The dissimilarity measure for 
example can be a negative normalized cross-correlation 
between the reference 3D image 230-1 and the combined 
transformed 3D intermediate images 230a-230d. However, in 
general any other dissimilarity measure can be employed. 

Formally, this registering and transforming can be 
described as follows: a certain number H of ECG-gated vol 
umes f(x), i.e. the 3D intermediate images 230a-230d, with 
h=1,..., Hat specific phases of the periodic motion 200 are 
reconstructed employing the FDK reconstruction algorithm 
mentioned above. The ECG-gating can be performed by 
inserting a weighting function w into the conventional FDK 
approach. q eO.1 is the relative phase of the periodic motion 
200 at which the reconstruction shall be carried out: the 
volume f(x) represents one phase of the periodic motion 200 
from 1, ..., H. The ECG-gated FDK reconstruction f(x): 
R->Rat voxel xeR is given by: 

W (1) 
fi, (x) = Xati, qh): w(i., x) pF (i. A (i. x)) 

i=1 

where N is the number of 3D projections 220, w:NxR is the 
FDK distance weight and p(i,u):NxR’->R is the filtered and 
redundancy-weighted projection data of the i-th 2D projec 
tion at pixel position u. The pixel position is determined by 
the perspective projection at voxel X.A.NxR->R (i.x)->A 
(i.X) u. The perspective projection A can be computed via 
pre-calibrated projection matrices. For example, the weight 
ing function w can be a cosine- or rectangular window. How 
ever, as mentioned above, a strict rectangular gating function 
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10 
can be readily employed, e.g., of minimal width Such to 
consider only one view per cycle or period of the periodic 
motion 200. Therefore, a temporal position of a 2D projection 
220 within a respective gating window 210-1-210-4 can be 
considered as a weight of the algebraic and/or analytic recon 
struction technique and reconstructing the 3D intermediate 
images 230a-230d. The transforming of the 3D intermediate 
images 230a-230d can include interpolating voxels of the 
transformed 3D intermediate images 230a-230d to reference 
Voxels. For example, the reference Voxels can correspond to 
the voxels of the 3D reference image 230-1. 
Once optimized spatial transformations are obtained, i.e. 

spatial transformation which minimizes the dissimilarity 
measure between the combined transformed 3D intermediate 
images 230a-230d and the 3D reference image 230-1, it is 
possible to obtain the 3D result image 230 by combining 260 
the 3D intermediate images 230a-230d. For example, the 3D 
result image can be defined as a Sum Volume f(X.S) consisting 
of deformed ECG volumes f,(x+s) with motion vectors, 
at phase h of the period motion 200 and location X: 

W (2) 

f(x, s) =X f(x + sha). 
= 

By executing the registration 255 in order to minimize the 
dissimilarity measure between the transformed and combined 
3D intermediate images 230a-230d and the 3D reference 
image 230-1, it is possible to superimpose the 3D intermedi 
ate images 230a-230d such that both motion artifacts and 
streak or line artifacts 235 (cf. FIG. 5) are eliminated or 
reduced by appropriate accumulation of the image data. In 
particular, an undersampled or sparsely sampled condition 
can be avoided by considering 2D projection data from which 
the 3D result image 230 is obtained to include all kinds of 
motion states of the periodic motion 200. Also, the artificial 
look of the 3D images 230-1 which are reconstructed by the 
compressed sensing techniques (cf. FIG. 4) does not nega 
tively influence the 3D result image 230, as the corresponding 
3D reference image 230-1 is only used for the purpose of the 
image registration 255. 

In FIG. 7, a flowchart of a method of reconstructing the 3D 
result image 230 from the set of 2D projections 220 is illus 
trated. The method starts in step S1. In step S2, the set of 2D 
X-ray projections 220 is acquired by employing a gated X-ray 
imaging technique. For example, it is possible that the gating 
windows 210-1-210-4 are retrospectively defined. However, 
various other gating windows 210-1-210-4 may be employed. 
It may also be possible to employ prospective gating where 
only certain 2D projections 220 are accepted depending on 
the respective corresponding phase of the periodic motion 
200. If an acquired 2D projection 220 has a phase which is 
outside agating window, in prospectivegating techniques this 
2D projection 220 may be rejected. 

Next, in step S3, a compressed sensing technique is 
employed to reconstruct the 3D reference image. The com 
pressed sensing technique operates on 2D projections 220 of 
a given gating window 210-1-210-4, i.e., considers 2D pro 
jections 220 at a predefined motion state of the periodic 
motion 200. The compressed sensing technique can be, e.g. 
the PICSS or iTV algorithm as mentioned above. 

Then, in step S4, for the 2D projections 220 situated in each 
gating window an algebraic and/or analytic reconstruction 
technique, such as the FDK algorithm or derivations thereof, 
is employed. By these means, a number of 3D intermediate 
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images 230a-230d is obtained. The number of 3D intermedi 
ate images 230a-230d corresponds to the number of gating 
windows 210-1-210-4 in this embodiment. However, ingen 
eral, the number of gating windows can differ from the num 
ber of 3D intermediate images 230a-230d. 

These 3D intermediate images 230a-230d are then regis 
tered 255 with the 3D reference image 230-1 (step S5). From 
this a spatial transformation from the corresponding phase of 
each 3D intermediate image 230a-230d to the reference 
phase of to the 3D reference image 230-1 is obtained. These 
spatial transformations are employed in step S6 to transform 
each3D intermediate image to a joint phase. For example, the 
joint phase can correspond to the reference phase or can be a 
different phase. In the latter case, it may be possible to cor 
respondingly calculate adapted spatial transformations from 
the spatial transformation obtained from step S5, e.g., by 
Suited linear combinations or other vector algebraic tech 
niques. 

Lastly, in step S7, the transformed 3D intermediate images 
of step S6 are combined 260 in order to obtain the 3D result 
image 230. In general, the combining 260 can take various 
forms, e.g., in a simple scenario may correspond to an addi 
tion. For example, weighting factors may be considered. It 
may also be possible to execute more complex mathematical 
functions as part of the combining 260, e.g., including a 
multiplication. 
The method ends in step S8. 
It is possible that the registering 255 in step S5 comprises 

iteratively optimizing the spatial transformations. Such an 
iteratively optimizing is illustrated in the flowchart of FIG. 8, 
which corresponds to the execution of step S5. 

First, in step T1, for each gating window 210-1-210-4 a 
predefined transformation is selected as a current transforma 
tion. For example, the predefined transformations selected in 
step T1, i.e. the initial transformations, can be equal to Zero, 
i.e., not shifting any pixels. 

Next, in step T2, each3D intermediate image 230a-230d is 
transformed to the reference phase based on the current trans 
formation. I.e., for the first execution of step T2, i.e. the first 
iteration, the predefined transformation of step T1 is 
employed in step T2. The execution of step T2 results in 
corresponding pixels changing position. 

Subsequently, the transformed 3D intermediate images 
230a-230d are combined (step T3), e.g., using the same com 
bination technique as in step S7 of FIG. 7, and a dissimilarity 
measure between the combined and transformed 3D interme 
diate images 230a-230d and the 3D reference image 230-1 is 
determined in step T4. 

In step T5 it is checked whether an abort criterion is full 
filled. For example, the abort criterion can be defined with 
respect to the dissimilarity measure. For example, if the dis 
similarity measure corresponds to a dissimilarity between the 
combined transformed 3D intermediate images 230a-230d 
and the 3D reference image 230-1 which is smaller than a 
threshold, i.e., only a comparably Small dissimilarity present, 
the abort criterion in step T5 may be fulfilled. Further, the 
abort criterion can consider alternatively or additional other 
criterions, e.g., a number of iterations. 

If the abort criterion in step T5 is not fulfilled, the method 
commences with step T6. In step T6, the current transforma 
tion is adjusted, e.g., based on an optimization algorithm. 
Various optimization algorithms can be employed. The 
adjusted transformation is then used as the current transfor 
mation in the subsequent execution of steps T2, T3, and T4. If 
the abort criterion in step T5 of FIG. 8 is fulfilled, the method 
commences with step S6 of FIG. 7. 
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Although the invention has been described and explained 

with respect to various embodiments as illustrated in the 
figures, other modifications and embodiments will occur to 
those skilled in the art and are subject to the present applica 
tion. The scope of the present application is only limited by 
the claims. 

E.g., various specific numbers and values have been used 
for the extents of the gating windows 210-1-210-4 in order to 
better illustrate various embodiments. In general, these num 
bers and values can vary. E.g., it would be possible the dif 
ferent gating windows 210-1-210-4 have different extents 
210-1-210-4. For example, the gating window used when 
reconstructing the 3D reference image 230-1 can be smaller 
or larger if compared to the gating windows 210-1-210-4 
which are used when reconstructing the 3D intermediate 
images 230a-230d. 

The invention claimed is: 
1. A method for reconstructing a 3D image of an object 

from a set of X-ray 2D projections of the object, the object 
exhibiting a periodic motion, comprising: 

acquiring the set of X-ray 2D projections by employing a 
gated X-ray imaging technique, each projection of the set 
of 2D projections being acquired at a respective phase 
within one of a plurality of gating windows associated 
with the periodic motion and at a respective perspective 
with respect to the object; 

reconstructing a 3D reference image of the object by 
employing a compressed sensing technique based on at 
least some of the 2D projections within a given gating 
window being associated with a reference phase of the 
periodic motion; 

reconstructing a plurality of 3D intermediate images of the 
object by employing an algebraic and/or analytic recon 
struction technique based on at least some of the 2D 
projections, wherein each of the 3D intermediate images 
is reconstructed within each of the gating windows; 

registering each of the 3D intermediate images with the 3D 
reference image to obtain a spatial transformation for 
each of the gating windows between the respective 
phase and the reference phase; 

transforming each of the 3D intermediate images to a joint 
phase of the periodic motion based on the spatial trans 
formation; and 

combining each of the transformed 3D intermediate 
images to obtain the 3D image of the object. 

2. The method as claimed in claim 1, wherein the 3D 
intermediate images are jointly compared with the 3D refer 
ence image for registering each of the 3D intermediate images 
with the 3D reference image. 

3. The method as claimed in claim 1, wherein the register 
ing comprises iteratively optimizing the spatial transforma 
tion comprising: 

transforming the 3D intermediate images to the reference 
phase of the periodic motion based on a current spatial 
transformation, 

combining the transformed 3D intermediate images, 
wherein the iteratively optimizing minimizes a dissimilar 

ity measure between a reference 3D image and the com 
bined transformed 3D intermediate images by adjusting 
the current spatial transformation between Subsequent 
iterations, 

wherein the iteratively optimizing comprises a given num 
ber of iterations, and wherein in a first fraction of the 
given number of iterations the registering operates on a 
downsampled version of the 3D reference image and the 
3D intermediate images. 
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4. The method as claimed in claim 1, wherein the 2D 
projections within each of the gating windows fulfill a sparse 
sampling condition. 

5. The method as claimed in claim 1, wherein the gating 
windows of the gated X-ray imaging technique are retrospec 
tively defined after the acquiring such that per cycle of the 
periodic motion a single 2D projection is within a given 
gating window. 

6. The method as claimed in claim 5, wherein a temporal 
position of a 2D projection within a respective gating window 
is considered as a weight of the algebraic and/or analytic 
reconstruction technique when reconstructing the 3D inter 
mediate images. 

7. The method as claimed in claim 1, wherein each of the 
3D intermediate images is transformed by interpolating VOX 
els of the transformed 3D image to reference voxels. 

8. The method as claimed in claim 1, wherein the set of 
X-ray 2D projections is acquired by a C-arm X-ray device 
having an X-ray source together with an X-ray detector being 
rotated with respect to the object. 

9. The method as claimed in claim 1, wherein the com 
pressed sensing technique comprises Prior Image Con 
strained Compressed Sensing technique and Improved Total 
Variation technique. 

10. The method as claimed in claim 1, wherein the alge 
braic reconstruction technique comprises Feldkamp-Davis 
Kress technique. 

11. An X-ray device for reconstructing a 3D image of an 
object from a set of X-ray 2D projections of the object, the 
object exhibiting a periodic motion, comprising: 

an image acquisition unit configured to acquire the set of 
2D projections by employing a gated X-ray imaging 
technique, each projection of the set of 2D projections 
being acquired at a respective phase within one of a 
plurality of gating windows associated with the periodic 
motion and at a respective perspective with respect to the 
object; and 

a processor configured to: 
reconstruct a 3D reference image of the object based on 

at least some of the 2D projections by employing a 
compressed sensing technique for a given gating win 
dow being associated with a reference phase of the 
periodic motion; 

reconstruct a plurality of 3D intermediate images of the 
object by employing an algebraic and/or analytic 
reconstruction technique based on at least some of the 
2D projections, wherein each of the 3D intermediate 
images is reconstructed within each of the gating win 
dows, 

register each of the 3D intermediate images with the 3D 
reference image to obtain a spatial transformation for 
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each of the gating windows between the respective 
phase and the reference phase, 

transform each of the 3D intermediate images to a joint 
phase of the periodic motion based on the spatial 
transformation, and 

combine each of the transformed 3D intermediate 
images to obtain the 3D image of the object. 

12. The X-ray device as claimed in claim 11, wherein the 
processor is configured to register the 3D intermediate 
images with the 3D reference image by jointly comparing the 
3D intermediate images with the 3D reference image. 

13. The X-ray device as claimed in claim 11, wherein the 
processor is configured to iteratively optimize the spatial 
transformation for the registering comprising: 

transforming the 3D intermediate images to the reference 
phase of the periodic motion based on a current spatial 
transformation, 

combining the transformed 3D intermediate images, 
wherein the iteratively optimizing minimizes a dissimilar 

ity measure between a reference 3D image and the com 
bined transformed 3D intermediate images by adjusting 
the current spatial transformation between Subsequent 
iterations, 

wherein the iteratively optimizing comprises a given num 
ber of iterations, 

wherein in a first fraction of the given number of iterations 
the registering operates on a downsampled version of the 
3D reference image and the 3D intermediate images. 

14. The X-ray device as claimed in claim 11, wherein the 
2D projections within each of the gating windows fulfill a 
sparse sampling condition. 

15. The X-ray device as claimed in claim 11, wherein the 
image acquisition unit is configured to retrospectively define 
the gating windows of the gated X-ray imaging technique after 
the acquiring Such that per cycle of the periodic motion a 
single 2D projection is within a given gating window. 

16. The X-ray device as claimed in claim 15, wherein the 
image acquisition unit is configured to consider a position of 
a 2D projection within a respective gating window as a weight 
of the algebraic and/or analytic reconstruction technique 
when reconstructing the 3D intermediate images. 

17. The X-ray device as claimed in claim 11, wherein the 
processor is configured to interpolate Voxels of the trans 
formed 3D image to reference Voxels for the transforming. 

18. The X-ray device as claimed in claim 11, wherein the 
X-ray device is a C-arm X-ray device comprising an X-ray 
Source together with an X-ray detector being rotated with 
respect to the object. 


